Abstract. The pattern of longevity in the Italian north-eastern region of Emilia Romagna was investigated at the municipality level, considering a modified version of the centenarian rate (CR) in two different periods (1995-1999 and 2005-2009). Due to the rareness of such events in small areas, spatio-temporal modelling was used to tackle the random variations in the occurrence of long-lived individuals. This approach allowed us to exploit the spatial proximity to smooth the observed data, as well as controlling for the effects of a set of covariates. As a result, clusters of areas characterised by extreme indexes of longevity could be identified and the temporal evolution of the phenomenon depicted. A persistence of areas of lower and higher occurrences of long-lived subjects was observed across time. In particular, mean and median values higher than the regional ones, showed up in areas belonging to the provinces of Ravenna and Forli-Cesena, on one side spreading out along the Adriatic coast and, on the other stretching into the Apennine municipalities of Bologna and Modena. Further, a longitudinal perspective was added by carrying out a spatial analysis including the territorial patterns of past mortality. We evaluated the effects of the structure of mortality on the cohort of long-lived subjects in the second period. The major causes of death were considered in order to deepen the analysis of the observed geographical differences. The circulatory diseases seem to mostly affect the presence of long-lived individuals and a prominent effect of altitude and population density also emerges.
Introduction
In the last decades, the study of human longevity and its development has caught the attention of researchers from different disciplines. Several studies performed in different Italian regions have shown the presence of specific areas, where the prevalence of the oldest-old 1 people is higher than elsewhere. For instance, a definite, geographical area in Sardinia is characterised by an exceptional male longevity (Poulain et al., 2004) as well as a low female/male centenarian ratio. Further, a significant negative correlation between surname abundance and the longevity index has been detected in Calabria (southern Italy) where some isolated areas of male longevity present a high level of inbreeding (Montesanto et al., 2008) . Other longevity areas have been found in other southern regions such as Sicily and Campania (Lipsi, 2009) . Finally, in Emilia Romagna some longevity "clusters" have been identified and their persistence has been detected by comparing the results of different spatial scan statistic methods (Miglio et al., 2009 ).
The explanatory analysis of disparities in the frequencies of the oldest-old population reminds one of discussions mentioning genetics as well as environmental factors such as the topography of certain residential areas. Indeed, several studies in some Italian regions have found that longevity often correspond either to mountainous areas (Poulain et al., 2004) or to smaller elevations and hilly regions (Lipsi, 2009) . Moreover, it is well known that the increase in the number of oldest-old is mainly explained by the decline of mortality after the age of 80 (Thatcher, 1992 (Thatcher, , 2001 Vaupel and Jeune, 1995; Paccaud, 2005, Caselli and Lipsi, 2006) .
One of the scientific approaches aims at mapping the geographical distribution of extreme longevity using spatial analysis techniques, in order to identify areas, or clusters of areas, characterised by particularly high, or low, concentrations of oldest-old population. When a fine-scale geographical analysis is performed and the phenomenon under study is characterised by a low number of units, the territorial distribution of cases may be strongly influenced by random variation due to the sample data. This invalidates both the distribution of the cases at a given time point and its dynamic evolution in terms of comparison between successive time points. A recent solution adopted to deal with these problems consists in the use of spatial and spatio-temporal models which involve geographical and time interactions resulting in a smoothing effect among the observations. These methods can be developed either within a frequentist framework (see, for example, Breslow and Clayton, 1993; Langford et al., 1999) or under a fully Bayesian perspective (see, for example, Bernardinelli and Montomoli, 1992; Mollie, 1994; Waller et al., 1997; Knorr-Held, 2000; Lawson, 2009) . The development of computational methods, such as the Markov chain Monte Carlo (MCMC) techniques, together with Gibbs sampling or the Metropolis-Hastings algorithm (Carlin and Louis, 1998; Gelman et al., 2003) , resulted in a great increase in the use of Bayesian methodology. The application of this approach is also common for the analysis of the geographical distribution of health data as it is feasible for almost any model involving multiple levels, random effects and complex dependence structures. Moreover, this kind of modelling allows embedding different levels of covariates aiming to explain the variability among areas.
Here, we used a Bayesian spatio-temporal model to manage both the geographical structure and the temporal dimension of extreme longevity over the last 15 years in Emilia Romagna. In particular, we considered a modified version of centenarian rate (CR) (Robine and Caselli, 2005 ) centred on two different five-year periods (1995-1999 and 2005-2009) , separately by municipality and gender. The model we employed allowed us to control for variations due to random occurrences, especially in small municipalities which have low demographic dimensions. The main purposes were to depict the temporal evolution and the spatial structure of longevity in this region, identify territorial groups of areas characterised by high or low levels of longevity and investigate the association of the detected geographical distribution of longevity with information on altitude and population density.
A further objective was to investigate how past mortality patterns influence the dimension and the spatial distribution of current proportions of long-lived people. We attempted to evaluate the effects on longevity of mortality structures measured at different ages. Therefore, we considered the levels of mortality (by cause of death) of the last 15 years, which might have affected the survival of the observed cohort of longlived individuals at younger ages. In particular, we aim at explaining how the current distribution of longevity is related to the past mortality of the same cohort at the municipality level and if there are substantial gender differences. Within this kind of "longitudinal" framework, the longevity outcome is modelled by a Bayesian spatial regression where the area-specific levels of mortality for each group of age in the cohort are included as regressors.
Throughout the analysis, we adopted a gender-specific perspective in order to detect and explain the paths leading to a different spatial distribution of the male and female elder population in the region.
Materials and methods

Area, data and indicators
The north-eastern Italian region of Emilia-Romagna ( Fig. 1) shows one of the oldest age structures in Europe (with 22.5% of persons aged 65+ years, and 6.9% of persons aged 80+ years in 2009 in a total population of 4,337,966). This region is characterised by a pronounced geographical variability: mountains, hills and a wide flat plain, with a consequent heterogeneity in environmental context, population density, social conditions and economic resources. Emilia Romagna is split into nine provinces (Piacenza, Parma, Reggio Emilia, Modena, Bologna, Ferrara, Ravenna, Forlì-Cesena and Rimini) that contain 341 municipalities.
In order to measure the different spread of longevity in this region, we used a modified version of the CR, as first proposed by Robine and Caselli (2005) and researched by Robine and Paccaud (2005) and Robine et al. (2006) 2 . To avoid inconsistency or lack of data, we considered people aged 95 years and over, denoted P95+, separately by municipality and gender. The proposed indicator of longevity, denoted CR95+, is obtained by dividing this count by the number of 55-64 years old persons (P 55-64 ) who lived in the same area 40 years earlier, according to the following formula:
(1) for each time t, gender k and municipality i. In this framework, we assumed that the living individuals in an area 40 years before the time point t under study are those exposed to the "risk" of becoming P 95+ or, similarly, that P 95+ observed at time t comes from the cohort of individuals resident in the same area 40 years earlier. In practice, we drew the denominator of CR 95+ from the nearest available Italian census, with analogous considerations to identify the cohort age group. To depict the temporal dimension of the phenomenon, we calculated the CRs 95+ centred on two periods: 1995-1999 and 2005-2009 3 . Thus, the corresponding denominators refer to the same cohorts of individuals at the censuses in 1961 and 1971, respectively 4 .
In the whole region, we observe an average number of P 95+ which amounts to 4,700 (0.12% of total population) in the period 1995-1999 and to 10,639 (0.25%) in 2005-2009 . Across the municipalities the CR 95+ index ranges from a minimum of 0 to a maximum of 56.6 (per 1,000 individuals exposed to "risk") in the first period and from 0 to 100 in the second one (see Table 2 for further details).
Additional information on the features of the municipalities was also collected. In detail, we considered the classification of areas with respect to the altitude (mountain, hill, coastal hill and plain) and population density. In particular, 67 municipalities of Emilia Romagna (~20%) are classified as mountainous areas, 99 (~29%) as hills, 10 (~3%) as coastal hills and 165 (~48%) are plains. The population density varies from a minimum of 4.18 individuals per km 2 in the municipality of Zerba (mountainous zone) to a maximum of 2791.96 of Cesenatico (plains). Altitude and population density are taken into account as proxies of economic, socio-cultural and environmental features. The plains and the areas at the foot of the hill are characterised by industrialization, resulting in crowded and frequently high polluted zones, which include all the biggest towns of the region, but there are also rural areas with a lower density of population. Conversely, high hill and mountainous zones are less crowded and marked by the prevalence of agricultural, forest and handicraft activities and by an ageing of population due to the intense process of depopulation of the occurring over the past several decades.
Altitude and population density were combined to form the following groups 5 : (i) mountainous areas; (ii) hilly areas with a population density below 78 people per km 2 ; (iii) hilly areas with a population density between 78 and 193 per km 2 ; (iv) hilly areas with a population density above 193 km 2 ; (v) coastal hills, where there were no remarkable differences in population density; (vi) plains with a population density below 78 km 2 ; (vii) plains with a population density between 78 and 193 km 2 , and; viii) plains with a population density above 193 km 2 (Fig. 2) .
For the cohort of P 95+ in the period 2005-2009, we focused on the corresponding patterns of mortality measured when they were aged 80-89 years and 90-99 years, separately. The main aim was to strengthen the 55-64 ki(t-40) 2 The CR has been shown to be an appropriate indicator of longevity as it takes into account the effects of the work-related migration. Indeed, it is well known that in Italy, including the Emilia Romagna region, migration was very common in the recent past, especially for working ages and people who now belong to the oldest-old population. Under this perspective, the CR indicator measures and compares the dimensions of longevity in different areas as the ratio of the observed number of centenarians to the number of the cohort survivors 40 years before the current observation and not to the number of births in the corresponding generation as is usually done. As a result, the CR removes the unknown influence of the migration process, which is assumed to be negligible only after the 60 years of age. Moreover, it is independent from the size of birth cohorts, infant mortality, past migrations, and policies of naturalization. 3 A multiple-year aggregation of data was introduced to avoid random fluctuations due to specific years or cohorts. 4 Since these censuses are referred to the second half of October 1961 and 1971, we conventionally consider the data as a proxy of population on 1st January 1962 and 1972, respectively. Therefore, for each period we have . 5 We split the ordered data for the population density into three equalsised subsets, i.e. terciles or 3-quantiles. ties between the count of present long-lived population and the mortality patterns that characterised the same population in the recent past (Thatcher, 1992 (Thatcher, , 2001 Vaupel and Jeune, 1995; Robine and Paccaud, 2005; Caselli and Lipsi, 2006) . Then, we turn the attention to the two main causes of death. In particular, for each municipality we consider death counts by gender and cause of death according to the two age groups of the cohort. These data are averaged over five calendar years, corresponding to 1990-1994 for the age group 80-89 years and 2000-2004 for those aged 90-99 years. Moreover, the data are grouped into two categories of causes of death according to the international classification of diseases (ICD), revision IX (ISTAT, 1997): malignant neoplasms and diseases of the circulatory system. These two disease groups jointly represent the most common causes of death for people aged 80 years and above (approximately 70% of the cases excluding injuries and poisonings). We further consider a broad class including all the causes of death, except for injuries and poisonings. The structure of mortality depicted by the death counts can be appropriately summarised by the relative risk of death. An estimate of this measure is represented by the standardised mortality ratio (SMR), defined as the ratio between the observed O and the expected E death counts with respect to any specific territorial unit (Kahn and Sempos, 1989) . The SMR allowed us to control for the influence of the age structure within the age groups, making it possible to compare different mortality levels among the municipalities. In our case, the SMRs were computed for each gender k, municipality i, age group a=x-x + 9 and cause of death d as follows: (2) In particular, the expected death counts for each area, E kiad , were calculated, separately by gender and cause of death, through the average mortality rate, m kad , for the overall region in the age group a and multiplied by the population in area i with ages in a (internal standardization).
In order to facilitate the interpretation of the results, the SMRs were grouped into three levels of mortality based on their quintile 6 distribution for each cause of death, gender and age group. The first and the last quintile subsets identify municipalities with extreme (low or high) mortality levels. Areas with values of SMR close to the overall regional rate were included into the residual group.
The sources of the data all refer to official statistics published by the Italian institutional agency for statistical data collection (ISTAT) and by the regional authorised agency of Emilia Romagna.
Spatio-temporal development
In order to draw the spatial distribution of longevity in Emilia Romagna, we investigated the space-time pattern of "risk" of becoming P 95+ among the 341 municipalities separately by gender adopting a hierarchical Bayesian approach which exploits the adjacency and interaction of the geographical areas. We further associated a temporal dimension to the phenomenon by considering the evolution of P 95+ in the two periods 1995-1999 and 2005-2009. In detail, we employed a hierarchical Bayesian regression for areal data. With respect to the i-th municipality area, we assumed the observable P 95+ at each time period t (1995-1999 and 2005-2009) , denoted y it , are Poisson distributed with the means p it θ it . In this formulation, p it represents the potential P 95+ and θ it is the estimate of the CR 95+ in the required location and period. A Poisson distribution is chosen in order to deal with the small numbers of people aged 
SMR kiad = E kiad
O kiad 95 years and above compared to the number of 55-64 years old persons living in the same area 40 years earlier. In the model specification, we followed the conventional log-linear formulation on the rate θ it and allowed for the possibility of different components that additively contribute to explain the spatio-temporal distribution of these rates. In particular, we assumed the presence of a temporal effect, as well as a spatial component, that may be specified as follows:
where α t represents the time-varying intercept and u i and v i are the correlated and uncorrelated spatial heterogeneitics, respectively, which are both assumed to be constant in time.
In a fully Bayesian setting, we specified a prior distribution for each parameter involved in (3). The intercept α t includes unspecified features of period t without assuming a temporal structure a priori due to the only two time observations considered. For the correlated spatial component u i , we assumed a Gaussian conditionally autoregressive (CAR) model (Besag, 1974; Banerjee et al., 2004 ) of the form: (4) where τ u represents the precision parameter and w ij are the adjacency weights across the areas. Although improper, the CAR prior leads to a posterior distribution which is proper, allowing the Bayesian inferences still to proceed.
The random effects v i which capture the region-wide heterogeneity are supposed to follow an ordinary exchangeable normal prior: (5) where τ v is the precision term.
Then, we needed to specify (hyper-) prior distributions for the precision parameters τ u and τ v . In particular, we considered vague and proper distributions which are also "fair", i.e. they yield the proportion of the variability due to the spatial homogeneity to bẽ 1/2 a priori. As suggested by Best et al. (1999) , we used the following Gamma priors:
and τ v~G amma(0.001; 0.001)
In order to further explain the differences in the presence of P 95+ across the areas, some covariates are included into equation (3). In particular, we controlled for some areal features and considered the eight categories of altitude and population density introduced above.
The model with covariates for the logarithm of the rate θ it can be analytically expressed as:
where x i identifies the altitude and population density group of the i-th municipality and β is the corresponding effect on the log rate.
The regression effect of the mortality patterns
In order to study how the past mortality patterns influenced the dimension and the spatial distribution of current long-lived population, an additional analysis was carried out following a "longitudinal" perspective. We attempted to investigate the effect of the past structure of mortality for people aged 80-89 years (in 1990-1994) For this purpose, a spatial model was employed separately by gender. The outcome Y now represents the count of people aged 95 years and above (P 95+ ) related only to the period 2005 to 2009. For each municipality i, the y i were again assumed to follow a Poisson distribution of parameter p i θ i , with analogous meanings to those described in the previous section. The log-linear model on the rate θ i involved the spatial structured (u i ) and unstructured (v i ) components, besides controlling for the effects of altitude and population density (x i ). In addition, we included the groups of SMRs for all the causes of death (excluding injuries and poisonings) as regressors and, in a separate model both malignant neoplasms and diseases of the circulatory system that characterised the survival of the current P 95+ when they were 90-99 and 80-89 years old. These quantities are denoted by z iad , where a is the age group of the cohort and d the specific cause of death. Thus, the model can be formalised as follows: (9) where the estimation of parameters γ ad now represents our main objective.
In addition, we allowed for a correlation among causes of death and among the repeated measure of
mortality over time by modelling the priors on the effects γ ad through a non-informative, multivariate, normal distribution with an unknown population mean vector and a variance covariance matrix Σ. The inverse of Σ corresponds to a precision matrix Ω, which is assumed to follow a vague Wishart distribution (Spiegelhalter et al., 2003) . For the other parameters, we assigned prior distributions analogous to those specified in the previous section.
Results
Spatio-temporal development
The application of the hierarchical, spatio-temporal model introduced above offers the opportunity to investigate different aspects of the spatial distribution of longevity pattern, as well as controlling for variations due to random occurrences. The last feature is pursued through the so-called "smoothing effect", which in practice can be highlighted by comparing the observed with the estimated values of the CRs 95+ for each area. Figure 3 plots these numbers in the first and second period for males in the 341 municipalities of Emilia Romagna (the same findings can be obtained for the female group). The observed CRs 95+ showed a great variability with peaks of extremely high and extremely low numbers, while the CRs 95+ estimated by our model were closer to each other (i.e. to the regional average). Note that all the results we report for the CRs 95+ refer to a number of 1,000 individuals who can reach the age of 95 years and above.
The smoothing effect, which finally reflects the efficiency of such a model, is also evident when comparing the maps of the observed and estimated values of the CRs 95+ (Figs. 5-8) . For both genders, the model yields more homogeneous estimates according to the geographical proximity of areas. The observed CRs 95+ are instead denoted by a set of spots, identifying locations with strange different values from the nearby areas. The same conclusions can be alternatively reached by comparing the ranges of observed and estimated values of the CRs 95+ (Table 2 ). For all municipalities of Emilia Romagna we obtained the distributions of the male and female CRs 95+ estimated by the model for the two periods (Fig. 4) . We observed an increase of the phenomenon across time for both genders, but more evident for women. Indeed, an overall regional rise of about 4.29 points for men and 16.07 for women in the values of the CR 95+ (per 1,000 subjects) was found (Table 1) .
In order to evaluate the different territorial contributions to the CRs 95+ , separately by gender, we first considered ranking the municipalities according to the decile 7 distribution of the estimated values of the CR 95+ in the first period, separately by gender ( Table  2 ). The spatial distribution of both the observed and estimated CRs 95+ in 1995-1999 was mapped by classifying the municipalities into seven groups: the first and the last three decile subsets were considered separately and the central ones were put together (Figs. 5a, 6a, 7a and 8a). For the second period, the amount of the regional rise in the CRs 95+ across the two periods was added to each class of the former classification. As a result, we controlled for the variation of each area in the value of the CR 95+ with respect to the overall increase (Figs. 5b, 6b, 7b and 8b) .
Both a persistence of areas of lower and higher occurrences of P 95+ across time and a rise in the values of the CR 95+ were noted. In particular, mean and median values higher than the regional ones showed up in the municipalities belonging to the provinces of Ravenna and Forli-Cesena, on one side spreading out along the Adriatic coast and, on the other stretching into the Apennine municipalities of Bologna and Modena. Especially for men, some areas of the province of Piacenza still stood out showing high CR 95+ values. Conversely, the municipalities of the province of Ferrara are characterised by a lower longevity 8 . The widening of areas characterised by the lowest and the highest values of the CR 95+ in the sec- 7 i.e.10-quantiles (see note 5). 8 We cannot exclude that some fluctuations of the CRs 95+ could depend on migration movements. For example, Ferrara has been an emigration area for a long time. This could lower the CR 95+ index if we assume that emigrants have a better health profile than those who stay.
ond period showed that the smallest and largest increases of longevity concern the same municipalities identified in the first period and the adjacent ones. For women, low levels of longevity also appeared for some groups of municipalities in the Apennine areas of Parma and Reggio Emilia, in the north-west of the region (province of Piacenza) and in the coastal hills of the province of Rimini. Male longevity is low in the whole northern areas of the region, in a group of municipalities of Reggio Emilia bordering on the province of Modena and to a lesser extent in the area of the Apennine areas of Parma and Reggio Emilia.
The spatio-temporal model adopted here further allowed us to split the spatial variability into two parts. The first concerned the geographical structure modelled by the component u which detects the extra-Poisson variability in the log rate "that varies locally, so that nearby regions will have more similar rates" (Banerjee et al., 2004) . It was revealed by yielding homogeneous clusters of adjacent areas. The second part of variability is due to the peculiarities of individual areas and results from municipalities with observed values that significantly differ from nearby areas. This is reflected by the component v in the model specification which captures the overdispersion in the whole region.
The correct sentence is: "The contribution of the clustering and heterogeneity effects, in terms of total territorial variability, can first be evaluated through the estimates of the posterior variance of the two components u and v, given by VÂR (U|Y) and VÂR (V|Y), respectively (Table 3) and of the posterior proportion of the variability in the random effects that is due to clustering, i.e. (10) where sd(·) is the empirical marginal standard deviation function. For both genders, the structured spatial variability seems to prevail. As a consequence, the global model representations for the CRs 95+ are more influenced by the territorial clusters with relatively similar longevity "risks", rather than by the heterogeneity effect (80% and 78% for males and females, respectively). Once the covariates are included into the model specification, they mainly contribute to explain the homogeneity across the municipalities, as the esti- Especially for men, two large clusters with a positive contribution on the values of the CR 95+ were clearly identified. These substantially correspond to the same areas described before and are characterised by high CR 95+ values. On the other hand, the Ferrara province was again confirmed the "worst" area in terms of homogeneity contribution to the values of the CR 95+ , together with the Apennine area of the provinces of Parma and Reggio Emilia.
Conversely, the heterogeneity maps identify areas with a positive (blue) or negative (red) notable component not due to territorial adjacency. The overall contribution of the heterogeneity to the values of the CR 95+ was small and, as a result, for men no areas appeared to have noticeable values. For women, two municipalities, Ferrara and Bologna, were found to be characterised by a strong negative contribution of the heterogeneity component. The former is part of a larger area identified by low CR 95+ values. The latter already emerged as an area with a low longevity level with respect to the adjacent areas. Table 4 reports the estimates of the time-dependent intercepts, while Table 5 shows the effects of the covariates included into the analysis and corresponding 90% credibility intervals (CrI).
The fitted rates for the intercepts in the two periods, exp(α 1 ) and exp(α 2 ), represent the level of probability of observing P 95+ in the mountainous areas of Emilia Romagna, which is the reference group. An overall increase in these values was observed over time for both genders. The effects of some covariates included into the analysis (Table 5) were shown, for males, by rate ratios lower than 1 in all municipalities that do not belong to the mountainous area, with significant values for hilly zones with high population density and plains with low or medium density. Conversely, in the female group, people living in hilly areas with medium population densities had a significantly higher rate of reaching 95 years of age and above than the residents of the mountainous areas. Significant values were also provided for coastal hill and plain municipalities with low densities. These are both areal characteristics which seem to negatively affect the presence of oldestold individuals.
The regression effect of mortality patterns
Through the longitudinal spatial analysis we would assess the relationship between the proportions of P 95+ and the levels of mortality above 80 years of age across the areas by evaluating the effects of both the "recent" (age group 90-99 years) and "past" (80-89 years) structures of mortality on the same cohorts of individuals. In particular, we supposed and allowed for the possibility of different contributions of the mortality levels in the two classes of age on male rather than on female longevity distribution. We considered only the period 2005 to 2009 when the larger territorial differences were observed for both genders.
The results on the fitted rate ratios and corresponding 90% CrI are shown in Tables 6 and 8. In the former, we observed that: (i) the lower the ranking in mortality levels, the higher the values of the CR 95+ (with stronger associations for males), and vice versa; (ii) the negative effects of high levels in "past" mortality (80-89 years) are substantial and significant for men, but not for women; and (iii) for both genders, the mortality at 90-99 years of age seems to exert a clear influence on the current proportions of P 95+ in the study areas. In order to investigate the effects of altitude and density of population, we further considered the contribution to the fixed effects of the model (i.e., excluding the homogeneity and heterogeneity components) of some groups of areas characterised by altitude and density groups and levels of mortality at ages 80-89 and 90-99 years (Table 7) . For both genders the highest value of fitted rate ratio was experienced in hilly areas with a population density between 78 and 193 people per km 2 and low mortality at both periods of age studied (the reference group is mountainous areas with medium mortality at both classes of age). For females, a fitted rate ratio greater than 1 for this group of municipalities was found to holds on even when the levels of mortality are high. As a result, altitude and population density represent important features to explain the proportion of P 95+ in these areas. Conversely, the lowest values of the CR 95+ were observed, for men, in plain municipalities with a population density lower than 78 people per km 2 and, for women, in the coastal hill areas. It is noteworthy that these areas keep on having an estimated rate ratio lower than 1 even when their mortality is low, suggesting again the crucial role of altitude and population density with respect to the proportion of P 95+ .
When the specific contribution of the major causes of deaths was evaluated (Table 8) , it was confirmed that female mortality at 80-89 years of age does not exert any significant influence on the current count of P 95+ when it is due to both circulatory disease and malignant neoplasms. Areas with high proportions of P 95+ were shown to be significantly associated with low levels of mortality due to malignant neoplasms at 80-89 years of age for males and due to circulatory diseases at age 90-99 years for both sexes. Conversely, a negative and significant effect of high mortality levels due to malignant neoplasms was noticeable at age 80-89 years for men and to both the causes at age 90-99 years regardless of gender.
Discussion
Statistical theory, several simulation studies and a large number of applications all support the use of hierarchical Bayesian modelling for spatial and spatiotemporal data as a powerful method which results in more consistent estimates on quantities of interest and inferences (Lawson, 2009) . Indeed, the consequent smoothing effect, both in the spatial and the temporal sense, allows controlling for the variation in the population size across the geographical areas (Clayton and Kaldor, 1987) and for extra-variation among the units (Breslow, 1984) . Moreover, the opportunity of including different levels of covariates permits investigating some crucial effects for the study at hand and explaining parts of the variability.
A critical aspect of these methods is certainly represented by the sensitivity regarding the choice of the hyperpriors (Bernardinelli et al., 1995) , which can sometimes be avoided by the use of an empirical-Bayes approach (Carlin and Louis, 1998) rather making assumptions, reasonable for the problem at hand (Besag, 1974; Banerjee et al., 2004) . In this application, a crucial point is represented by the choice of the Gamma priors for the precision parameters τ u and τ v , which control the strength of the smoothing and heterogeneity effect. These components are shown to be quite sensitive with respect to prior specification, but the effect is mainly only reflected by the variances of the parameters (Divino et al., 2009) . Therefore, the posterior estimates are only weakly affected.
The use of a hierarchical Bayesian modelling for spatial and spatio-temporal data for the analysis of the longevity pattern in the municipalities of Emilia Romagna represents an innovative application that confirms the usefulness of these methods also in sociodemographic research. In the spatio-temporal application, the estimated values of the adopted longevity index allow the quantification of the rise of this phenomenon over time. Moreover, some groups of neighbouring areas, where people are likely to reach 95 years of age or more, can be identified and consistently observed over time. The picture detected shows, on the one hand, the presence of quite large areas which are homogeneous with respect to the CR 95+ values suggesting that some environmental factors are likely to influence the spatial distribution of longevity. On the other hand, the detection of isolated areas characterised by high levels of heterogeneity with respect to neighbour municipalities, calls for in-depth analysis to reveal the specific reasons causing the particularly high or low levels of longevity. As far as the effects of altitude and population density are concerned, the plains are generally shown to correlate with a lower count of the oldest-old, which was also detected in Campania and in zones of Sicily (Lipsi, 2009) . Moreover, hilly zones seem to be favourable for longevity, at least for females.
The kind of modelling used here offers the opportunity of adopting a cohort perspective in order to study several aspects in depth, which can affect the survival of people aged 95 and above, and explain the territorial differences in the period [2005] [2006] [2007] [2008] [2009] . Several studies (Thatcher, 1992 (Thatcher, , 2001 Vaupel and Jeune, 1995; Robine and Paccaud, 2005; Caselli and Lipsi, 2006) assert that the decline in mortality seen after the age of 80 years mainly explains the relevant increase in the number of the oldest-old. Therefore, a negative association between the proportions of P 95+ and the levels of mortality above 80 years of age across the areas should be expected. Under this perspective, we jointly investigated the effects of some crucial patterns of mortality by sex and age group, as well as a set of areal features and correlations. As a result, different contributions of the levels of mortality on longevity for males and females appeared. As far as the major causes of death are concerned, the circulatory diseases in the most recent age group seem to mostly affect the occurrence of P 95+ . In addition, a prominent, positive effect of altitude and population density on longevity emerged.
